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Abstract

The biosynthesis of the flavin mononucleotide (FMN) and flavin adenine dinu-

cleotide (FAD), cofactors used by 2% of proteins, occurs through the sequential

action of two ubiquitous activities: a riboflavinkinase (RFK) that phosphory-

lates the riboflavin (RF) precursor to FMN, and a FMN:adenylyltransferase

(FMNAT) that transforms FMN into FAD. In most mammals two different

monofunctional enzymes have each of these activities, but in prokaryotes a sin-

gle bifunctional enzyme, FAD synthase (FADS), holds them. Differential struc-

tural and functional traits for RFK and FMNAT catalysis between bacteria and

mammals, as well as within the few bacterial FADSs so far characterized, has

envisaged the potentiality of FADSs from pathogens as targets for the develop-

ment of species-specific inhibitors. Here, we particularly characterize the FADS

from the ovine pathogen Brucella ovis (BoFADS), causative agent of brucellosis.

We show that BoFADS has RFK activity independently of the media redox sta-

tus, but its FMNAT activity (in both forward and reverse senses) only occurs

under strong reducing conditions. Moreover, kinetics for flavin and adenine

nucleotides binding to the RFK site show that BoFADS binds preferentially the

substrates of the RFK reaction over the products and that the adenine nucleo-

tide must bind prior to flavin entrapment. These results, together with multiple
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sequence alignments and phylogenetic analysis, point to variability in the less

conserved regions as contributing to the species-specific features in prokaryotic

FADSs, including those from pathogens, that allow them to adopt alternative

strategies in FMN and FAD biosynthesis and overall flavin homeostasis.
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1 | INTRODUCTION

In organisms from all kingdoms, the riboflavin kinase
activity (RFK; EC 2.7.1.26) is mandatory for the biosyn-
thesis of the flavin mononucleotide (FMN) cofactor,
using as substrates riboflavin (RF, vitamin B2) and
ATP.1–7 FMN is also the precursor of the flavin adenine
dinucleotide (FAD) cofactor, the most abundant flavin
cofactor in flavoproteins, that is synthesized through a
FMN:adenylyltransferase activity (FMNAT; EC 2.7.7.2).8

As cofactors of flavoproteins FMN and FAD are key
metabolites for the maintenance of life and are involved
in a wide range of physiological processes.7,9–11 These
include biomolecular networks that regulate different

cellular processes, such as cellular development, activa-
tion of defense reactive oxygen species and signaling mol-
ecules; or the expression of other proteins (as flavin
transporters) through FMN riboswitches.12–16 Proteins
holding RFK activity have similarity in sequence, overall
folding and structural arrangement in all species. Thus,
the prokaryotic RFK protein is a domain fused to another
domain that is involved in the biosynthesis of FAD, using
FMN and ATP as substrates, and therefore has FMNAT
activity (Figure 1).17,18 For this reason, the prokaryotic
bifunctional enzyme is usually referred to as FAD
synthase (FADS). In many FADSs, the FMNAT activity is
reversible, so that these enzymes also have FAD pyro-
phosphorylase (FADpp) activity. Noticeably, the

FIGURE 1 Scheme of the reactions

catalyzed by prokaryotic bifunctional

FADSs and the corresponding

eukaryotic monofunctional enzymes. 3D

structures of prokaryotic CaFADS (PDB

2X0K), monofunctional HsRFK (PDB

1NB0) and monofunctional FMNAT

from Candida glabrata (PDB 3FWK) are

drawn in cartoon and colored by the

catalyzed activity (orange for FMNAT

and green for RFK)
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prokaryotic FMNAT domain is not homologue to mono-
functional mammalian FADSs in sequence, structure or
chemistry for catalysis.3,4,18,19

Although homology is clear among domains and pro-
teins catalyzing RFK activity, species-specific features in
RFK ligand binding and catalysis are reported among the
few FADSs thoroughly evaluated in bacteria, which
include Corynebacterium ammoniagenes (CaFADS),
Listeria monocytogenes (LmFADS), Staphylococcus aureus
(SaFADS), Bacillus subtilis (BsFADS) and Streptococcus
pneumonia (SpnFADS). There are enzymes with RFK
activity inhibited by the RF substrate, or requiring reduc-
ing or oxidized conditions for functionality. Conforma-
tional arrangements during catalysis also appear
particular for each protein.3,5,17,18,20–22 These observa-
tions exemplify different strategies to control flavin
homeostasis through regulation of FMN biosynthesis. As
bacterial FADSs are required to provide flavins to 2% of
the total proteome of the organisms, both of their activi-
ties might result interesting targets for the discovery of
specific antimicrobials.8,23,24 In this context, the under-
standing of RFK and FMNAT activities traits in different
species, as well as of the mechanisms for FMN and FAD
delivery to the client apo-proteins, are essential aspects to
investigate.

Here, we report on the characterization of the
FADS from Brucella ovis (BoFADS), a pathogen pro-
voking placentitis in sheep and genital lesions in rams,
which affect the semen quality and the fertility,
incrementing the animal management cost.25–27 Dur-
ing the infective processes, bacteria penetrate the host
mucosa and enter into phagocytic macrophages, where
they replicate and escape host immunity, being this
process essential for virulence and the establishment of
chronic infections.28 Several flavin-dependent proteins
are envisaged to participate in these processes, making
the FMN and FAD supply critical for bacterial infec-
tion.29–32 Our steady-state characterization of the het-
erologously overexpressed BoFADS indicates that its
RFK activity does not exhibit inhibition by substrates
and takes place under both reducing and oxidizing con-
ditions with similar efficiency, whereas FMNAT and
FADpp activities require strong reducing conditions to
occur. Moreover, stopped-flow spectrophotometry
allows ascertaining sequential conformational changes
upon ligand binding and catalysis at the RFK site.
When evaluated in the context of the knowledge of
other RFK and FMNAT activities as well as sequence
conservation and evolution within family members,
these results exemplify how subtle changes in protein
sequence or conformation allow different organisms to
adopt alternative strategies in FMN and FAD biosyn-
thesis and homeostasis.

2 | EXPERIMENTAL PROCEDURES

2.1 | Cloning, expression and
purification of proteins

The ribF gene (BOV_A0180/BOV_RS11255/) coding for
BoFADS (ABQ62831.1) was synthesized by GenScript,
applying codon optimization for its heterologous expres-
sion in Escherichia coli, and cloned between the NcoI and
BamHI restriction sites of a pET28a(+) vector, including
a His6-tag tail and the PreScission Protease cleavage sig-
nal at the 50 end. The resulting pET28a-BoFADS plasmid
was transformed into E. coli BL21(DE3) strain cells,
which were grown at 37 �C in Luria Bertani medium (1%
[wt/vol] tryptone, 0.5% [wt/vol] yeast extract and 1%
[wt/vol] NaCl) supplemented with 50 mg/mL of kanamy-
cin. At an OD600nm of 0.8, cultures were induced with
0.5 mM isopropyl β-D-1-thiogalactopyranoside, incubated
under the same conditions for 24 h and then harvested.
Cells were resuspended in 20 mM potassium phosphate,
pH 7.4, 10 mM imidazole and 0.5 M NaCl, and con-
taining the protease inhibitor phenylmethylsulphonyl
fluoride (1 μM). Purification of BoFADS to homogeneity
was carried out following basically the procedure
reported for the FADS from S. pneumoniae.33 Briefly,
cells were broken by sonication and centrifuged. Super-
natant was loaded onto a His-Trap affinity column
(HisTrap HP; GE Healthcare) and the protein was eluted
applying a gradient from 10 to 500 mM imidazole in
20 mM potassium phosphate, pH 7.4. Exchange buffer to
25 mM Tris/HCl, pH 7.4, 150 mM NaCl was performed
by using a HiPrep Desalting Column (GE Healthcare).
The His6-Tag was removed by 24 h incubation with the
PreScission protease (GE Healthcare) at 4 �C, in ratio
2:10 (wt/wt), and then both remained His6-tagged
BoFADS and the PreScission protease were removed with
HisTrap HP and GSTrap 4B connected columns. The
unbound free BoFADS fraction was recovered and fur-
ther purified by size exclusion chromatography using a
Superdex 200 10/300 GL column (GE Healthcare) previ-
ously equilibrated with 20 mM PIPES, pH 7.0, 150 mM
NaCl. Protein purity was assessed by 15% SDS–PAGE.
Pure protein solutions were stored in 25 mM Tris/HCl,
pH 7.4, 150 mM NaCl at �80�C. When required, the
buffer was exchanged to that for each particular
experiment.

2.2 | Spectroscopic analysis

UV–visible spectra were recorded in a Cary Bio100 spec-
trophotometer (Agilent Technologies) in 20 mM PIPES,
pH 7.0 at 25 �C. BoFADS was quantified using the
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theoretical extinction coefficient ε280nm = 8.94 mM�1.cm�1

(assuming all Cys residues are reduced). This value and
other parameters were calculated by the ProtParam tool
from Expasy, https://web.expasy.org/protparam/). Fluo-
rescence emission spectra were recorded in a CARY
Eclipse (Agilent Technologies) in 20 mM PIPES,
pH 7.0 at 25 �C, exciting the protein aromatic residues at
280 nm. Fluorescence excitation scans were recorded at
the maximum emission wavelength (323 nm) and in the
same experimental conditions. Circular dichroism
(CD) spectra were recorded at 25 �C using a Chirascan
spectropolarimeter (Applied Photosystem Ltd.). Samples
containing 5 and 20 μM BoFADS in 20 mM PIPES,
pH 7.0, were used in the far-UV (cuvette path length,
0.1 cm) and near-UV CD (1 cm), respectively.

2.3 | In vitro detection of quaternary
organizations

To assess potential assembly of BoFADS in homo-
quaternary organizations, samples containing 30 ng of
BoFADS (42 μM, 20 μL) in 20 mM PIPES, pH 7.0, were
incubated for 30 min at room temperature both in the
absence and presence of the bis(sulfosuccinimidyl)
suberate (BS3, 3.5 μM) crosslinker (Thermo Scientific).
The crosslinking reaction was stopped by addition of
0.5 M Tris/HCl, pH 8.0, until a final concentration of
50 mM. Samples were then resolved by 15% SDS–PAGE.

2.4 | Qualitative detection of activities

RFK, FMNAT, and FADpp activities were qualitatively
assayed by resolving flavin products from reaction mix-
tures by thin layer chromatography (TLC). Activity was
evaluated in samples containing either 0.1 mg of crude
extracts of E. coli BL21(DE3) cells transformed with the
pET28a-BoFADS plasmid (nontransformed cells were
used as control) and grown under the above indicated
conditions to induce BoFADS expression, or 1 μM puri-
fied BoFADS. Unless, otherwise stated, reaction mixtures
(usually 200 μL) contained 50 μM of flavins (RF, FMN or
FAD), and 3.5 mM ATP (or pyrophosphate (PPi)) in
50 mM Tris/HCl pH 7.6, in the presence of 10 mM MgCl2.
When indicated, 10 mM sodium dithionite was used as
flavin-reducing agent. Reaction mixtures were incubated
at 37 �C during 15 min. Reactions were then stopped by
heating the samples at 100 �C for 5 min, and superna-
tants were applied to Silica Gel SIL-G-25 plates, with a
thickness of 0.25 mm, for the separation of flavins.34 Fla-
vin mixtures containing 50 μM of each flavin (RF, FMN
and FAD) were included as standards. Flavin spots were

examined by evaluating flavin fluorescence under UV
light.

2.5 | Quantitative determination of
steady-state kinetic parameters

Rates for the transformation of substrates into products
were assessed by quantification of the substrates and/or
products of the reaction through high-performance liquid
chromatography (HPLC) after incubation of BoFADS
with substrates. Gradients of pH, sodium dithionite
and/or MgCl2 concentrations were evaluated to select the
best performing conditions. To determine kinetic param-
eters, kcat and KM, for the RFK activity, 50 nM BoFADS
was mixed with variable concentrations of RF (0.2–
15 μM) while keeping ATP constant at saturating concen-
tration (500 μM), as well as with variable ATP (10–
600 μM) and keeping RF saturating (10 μM). Reaction
mixtures contained 500 μL in 20 mM Tris/HCl, pH 8.0
and 1 mM MgCl2, and after adding the enzyme were
incubated 5 min at 37 �C. Alternatively, RFK kinetic
parameters were also evaluated in 20 mM HEPES,
pH 7.0, 1 mM MgCl2 for 1 min at 25 �C. Kinetic parame-
ters for the FMNAT/FADpp activities were determined
in samples mixing 500 nM BoFADS with variable con-
centrations of FMN/FAD (0.2–30 μM) while keeping
ATP/PPi saturating (400 μM), or ATP/PPi (2–400 μM)
while keeping FMN/FAD saturating (20 μM). Reaction
mixtures contained 500 μL in 20 mM Tris/HCl, pH 8.0,
150 mM KCl, 10 mM MgCl2 and 20 mM sodium
dithionite, and were incubated 5 min at 37 �C after
adding the enzyme. In all cases, reactions were stopped
by heating at 100 �C for 5 min. Flavins were resolved by
HPLC using an Alliance HPLC system (Waters) equipped
with a 2707 autosampler and an HSST3 column
(4.6 � 50 mm, 3.5 mm; Waters) preceded by a precolumn
(4.6 � 20 mm, 3.5 mm; Waters) following previously
reported protocols.35,36 FMN and FAD standard curves
(acquired under the same conditions) were used to quan-
tify the FMN and FAD present at each assayed condition.
The kinetic data obtained when varying the concentra-
tion of one of the substrates at saturating concentration
of the other one were fitted to the Michaelis–Menten
equation kinetic model, obtaining the corresponding kcat
and KM values.

2.6 | Pre-steady-state binding kinetics

Kinetic experiments to evaluate rates for binding of fla-
vins in the pre-steady state were registered using
stopped-flow spectroscopy on an Applied Photophysics
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SX18.MV spectrophotometer, using the ProData SX soft-
ware (Applied Photophysics Ltd.) for fluorescence data
acquisition and data analysis. Fast kinetic measurements
were carried out at 25 �C in 20 mM PIPES, pH 7.0,
0.8 mM MgCl2 and 0.3 mM NaCl, following previously
described methodologies.5,20 In short, 0.2 μM BoFADS
was mixed with reaction samples containing increasing
concentrations of either RF or FMN (herein FLV denotes
either one of them in these experiments) ligands in the
absence or presence of saturating concentrations of ATP
or ADP (denoted herein as ANP) (250 μM). Evolution of
flavin fluorescence after mixing was measured with an
excitation wavelength of 445 nm, while fluorescence
emission was recovered using a >530 nm cut-off filter.
All the concentrations indicated for these experiments
are the final ones in the stopped-flow observation cell.
Five reproducible traces were acquired at each time and
concentration condition assayed. Kinetic decays were
then fitted to exponential functions,

y¼
X

Ai � exp �kobsi � tð Þ: ð1Þ

kobs values showing a linear dependence on the FLV
concentration were fitted to a one-step model associated
to the binding (BoFADS + FLV ⇆ BoFADS:FLV) or to
the reorganization equilibrium of the FLV ligand to
BoFADS (BoFADS:FLV ⇆ BoFADS:FLV*), whose kinet-
ics can be represented by the following equation:

kobs ¼ kon � FLVð Þþkoff or

kobs�reg ¼ kon�reg � FLVð Þþkoff�reg,
ð2Þ

where kon and koff are the kinetic rate constants for
complex formation and dissociation, whereas kon-reg and
koff-reg are the rate constants for interconversion into two
bound states with different conformation. Flavin photo-
bleaching within the stopped-flow observation chamber
was evaluated as previously described.5

2.7 | Sequence and structural analyses

Full-length deduced-protein sequences of a range of bac-
terial bifunctional FADSs were retrieved from UniProtKB
(https://www.uniprot.org/) or NCBI databases (https://
www.ncbi.nlm.nih.gov/genbank), choosing preferentially
sequences manually reviewed and/or reference
sequences (Table S1, Supporting Information). Theoreti-
cal parameters were calculated from FADS protein
sequences by the ProtParam tool from Expasy (https://
web.expasy.org/protparam/). Sequences were globally

aligned with Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/)37 and the sequence Logo was built
with WebLogo3 (https://weblogo.berkeley.edu/). For phy-
logeny analysis, multiple sequence alignments were
trimmed through the trimAl (v.1.3) software using the
automated trimming heuristic method (optimized for align-
ments to be analyzed by maximum likelihood).38 The max-
imum likelihood phylogenetic tree was constructed with
MEGA X (v.10.2.5) using the Jones–Taylor–Thornton (JTT)
model.39 Initial trees for the heuristic search were obtained
automatically by applying neighbor joining and BioNJ
algorithms to a matrix of pairwise distances estimated
using the JTT model, and then selecting the topology with
the superior log likelihood value. Bootstrap analyses with a
value of 700 were performed. The final tree was visualized
and edited using FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/
software/Fig.tree/) and Inkscape 1.1, respectively.

The BoFADS 3D structural homology model was built
using the RaptorX server.40 The software automatically
chose the FADS from CaFADS as best template (for both
full length protein and each of the domains when indepen-
dently taken). Confidence scores used to indicate the quality
of predicted 3D models included p-value for the relative
global quality, global distance test (GDT) and un-
normalized GDT (uGDT) for the absolute global quality.
Sequence conservation was projected on the BoFADS 3D
structural model by the ConSurf server (https://consurf.tau.
ac.il).41 PyMol was used to visualize structures and to pro-
duce figures,42 and the on-line server including PDB2PQR
3.1.0 and APBS 3.0.0 (https://server.poissonboltzmann.org/)
was used to evaluate surface electrostatic potentials.43

3 | RESULTS AND DISCUSSION

3.1 | BoFADS purifies as a folded protein
when overexpressed in E. coli

The BoFADS sequence predicted a theoretical molecular
weight of 36.4 kDa, an isoelectric point of 5.96, an average
hydropathicity (grand average of hydropathicity, GRAVY)
of �0.174 and an instability index of 32.09. The two later
parameters predicted the protein as stable in solution. SDS–
PAGE confirmed that the produced enzyme was pure to
homogeneity and predicted an apparent molecular weight
(MW) of 36.6 kDa (Figure 2a, inset). SDS–PAGE of these
samples incubated with the BS3 cross-linker failed to show
significant stabilization of oligomeric species, suggesting
that under the assayed conditions, BoFADS was preferen-
tially a monomer (Figure 2a, inset).

The UV–visible spectra of purified BoFADS showed
an unusual hyperfine splitting absorption band
corresponding to the absorption of aromatic side-chains
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with maxima at 260, 265 and 276 nm, as well as remark-
able low absorptivity (Figure 2a). These features have not
been observed in previously reported prokaryotic FADSs
and agree with the complete absence of Trp residues in
BoFADS sequence and with the remarkable high number
of Phe residues, 26, versus 6 Tyr. Ten of these aromatic
residues are highly conserved in other FADSs, especially
the Phe residues sitting in the N terminal (B. ovis num-
bering 29, 59, 99, 111, 131, 133) (Figures S1 and
S2).4,17,18,33 As a consequence, the theoretical BoFADS
absorptivity coefficient is ε280nm = 8.94 mM�1.cm�1, con-
siderably lower than those reported for other bacterial
FADSs.4,33,44

The fluorescence emission spectrum of BoFADS regis-
tered a maximum at 307 nm (Figure 2b), while the excita-
tion spectrum showed a maximum at 278 nm with a
shoulder at 259 nm. These features are again typical of
fluorescence spectra for aromatic residues different from
Trp, particularly Tyr. Also in agreement with the absence
of Trp, main responsible for the near UV CD signals of

proteins, the near UV CD spectrum of BoFADS hardly
shows any feature (Figure 2c, top). The far-UV CD spec-
trum of BoFADS showed a broad negative band with
minima at 209 and 218 nm (Figure 2c, bottom), revealing
the presence of β-sheets and α-helices as secondary struc-
ture elements and confirming that the heterologously
produced BoFADS is folded.

Finally, BoFADS yielded visible difference spectra
when titrated with oxidized FMN in the presence of ADP
but not in its absence (Figure 2d). These observations
indicated that the ADP product of the RFK activity favors
the FMN binding, suggesting that, as in other FADSs,
this binding occurs at the RFK site.5,20

3.2 | Purified BoFADS exhibits RFK,
FMNAT and FADpp activities

The ability of BoFADS to transform RF, FMN and FAD
under different conditions was first qualitatively

FIGURE 2 Spectroscopic properties of BoFADS. (a) UV/Vis absorption spectrum of BoFADS (125 μM). The inset shows resolution by

SDS–PAGE of BoFADS as purified and after incubation with the BS3 crosslinker. (b) Fluorescence emission spectrum of BoFADS (20 μM)

(dashed line) when exciting at 280 nm, and the corresponding excitation spectrum (black continuous line) when collecting emission at

307 nm. (c) Near-UV CD (top) and far-UV CD (bottom) spectra of BoFADS (20 and 5 μM, respectively). (d) Visible difference spectrum

elicited upon titration with FMN (20 μM) of a sample of BoFADS (5 μM) saturated with ADP (450 μM) and 10 mM MgCl2. All spectra were

recorded in 20 mM PIPES, pH 7.0 at 25 �C
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evaluated, both in crude extracts expressing the protein
as well as in purified protein solutions. Identification of
the products of the RFK, FMNAT and FADpp reactions
was carried out by TLC (Figure 3). In bacterial FADSs
these activities can be dependent or independent on the
reducing environment, as well as on the concentration of
Mg2+. Therefore, we carried out set of assays under dif-
ferent environments provided by sodium dithionite (Na2
S2O4) and concentrations of Mg2+.4,33

When either crude extracts expressing BoFADS
(Figure 3a) or the purified protein (Figure 3b) were incu-
bated with RF and ATP consumption of the RF substrate
was observed, while transformation of flavins was hardly
detected in E. coli cells lacking the pET28a-BoFADS plas-
mid (Figure S3). FMN was the final product of the reac-
tion when the reducing agent was absent, but the
presence of sodium dithionite enhanced the flavin trans-
formation up to FAD (see Figure 3a,b, lanes 2–3). Simi-
larly, when using as substrates either FMN and ATP or

FAD and PPi transformation of substrates was only pro-
duced when the reducing agent was present (see
Figure 3a,b, lanes 4–5). Therefore, BoFADS, both in
crude extracts and when purified to homogeneity, was
able to transform RF into FMN through a RFK activity
independent of the redox state of the media, whereas
both the FMNAT and FADpp activities required reducing
conditions.

Subsequent qualitative (TLC) and quantitative
(HPLC) screenings of best performing conditions con-
firmed that the RFK activity was independent on the
reducing agent concentration (Figures 3b and S3). In
addition, Mg2+ was shown a requirement for the RFK
activity, with cation concentration in the 0.8–10 mM
range producing maximal activity (Figure S3). These con-
ditions agree with those described in other prokaryotic
FADSs, as well as in HsRFK.3–5,33 Best catalytic condi-
tions for the FMNAT and FADpp activities confirmed
that a strong reducing environment and Mg2+ were

FIGURE 3 Detection of the RFK, FMNAT and FADpp activities of BoFADS. Thin layer chromatography resolution of the products of

the transformation of RF, FMN and FAD by (a) crude extracts of Escherichia coli BL21(DE3) cells transformed with the pET28a-BoFADS

plasmid and (b) purified BoFADS. Flavin transformation was evaluated under the conditions indicated in the panels regarding flavin content

and presence of reducing agent (10 mM, if present). Reaction mixtures contained either 0.1 mg crude extracts or 1 μM of purified enzyme,

50 μM of the corresponding flavin and 3.5 mM ATP or PPi, in 50 mM Tris/HCl, pH 7.6, and were incubated for 15 min at 37 �C. The first
lane on the left shows as control a sample containing RF, FMN and FAD (50 μM each) in same buffer. Michaelis–Menten plots as a function

of variable concentrations of substrates providing (c) the phosphate group donor (ATP for RFK and FMNAT activities and PPi for FADpp

activity) and (d) flavin to be transformed (FLV; RF, FMN and FAD). Reaction rates were obtained in 20 mM Tris/HCl, pH 8.0 and 1 mM and

10 mM MgCl2 for the RFK (blue lines) and the FMNAT (grey lines)/FADpp (red lines) activities, respectively, including 150 mM KCl and

20 mM sodium dithionite in the case of FMNAT/FADpp activities. Mixtures were incubated 5 min at 37 �C after adding the enzyme at a

final concentration of 50 nM for RFK activity and 500 nM for FMNAT/FADpp activities
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required. Moreover, these activities were slightly more
efficient at pH 8.0 than at 7.0, with the presence of
150 mM KCl improving their reproducibility. Therefore,
herein, kinetic parameters for the FMNAT and FADpp
activities were evaluated in 20 mM Tris/HCl and in the
presence of sodium dithionite, pH 8.0, with 150 mM KCl,
while those for the RFK activity were evaluated at both
pH 7.0 and pH 8.0.

3.3 | The RFK is the most efficient
activity in BoFADS

Plots of steady-state rates versus substrate concentrations
for the RFK, FMNAT and FADpp activities of BoFADS
showed Michaelis–Menten profiles for all substrates
(Figure 3c,d), allowing determination of kcat and KM

values. Table 1 summarizes the kinetic parameters for
the RFK activity at pH 7.0 and 8.0. kcat and KM

ATP values
were nearly pH-independent, but KM

RF suggested RF
affinity decreases when increasing pH, thus making the
enzyme slightly less efficient in transforming RF at
pH 8.0. Furthermore, no inhibition by excess of the RF
substrate was detected. This is contrary to that reported
for CaFADS,36 but in line with previous data for
other enzymes.3,4,18,20,45 Nonetheless, when comparing
kcat, KM

RF and KM
ATP parameters among RFK activities

in proteins from different organisms, the BoFADS effi-
ciency for the transformation of RF into FMN is in a
medium-low range3–5,20 (Table 1).

kcat values for the FMNAT and FADpp activities of
BoFADS are, respectively, around 2-fold and up to
10-fold slower than for the RFK activity. KM values for
the FMNAT activity are suggestive of slightly weaker
binding of substrates, while the corresponding values for
the FADpp activity suggest stronger binding (Table 2).
Noticeably, efficiency for the transformation of FMN by
BoFADS shows an average value when compared with
other bacterial and human FADSs, while it appears con-
siderably less efficient regarding the second substrate,
ATP. Finally, kinetic parameters for the FADpp activity
of BoFADS indicate that this enzyme is more efficient in
the conversion of FAD into FMN than Homo sapiens
FADS isoform 2 (HsFADS2), the only enzyme for which
parameters are available.46 Altogether, catalytic efficien-
cies for the transformation of the flavin substrate indi-
cates that under the in vitro assayed conditions, the
phosphorylation of RF is the most efficient activity cata-
lyzed by BoFADS, while the FADpp activity is the less
efficient.

3.4 | Binding of RFK substrates in
BoFADS is the kinetically preferred process
during the RFK activity

We then used stopped-flow spectrophotometry to evalu-
ate binding kinetics of flavin nucleotides involved in the
RFK reaction of BoFADS, namely RF and FMN. As flavin
fluorescence is modulated by the surrounding media, this

TABLE 1 Steady-state kinetic parameters for the RFK activity of BoFADS and FADSs from other bacteria, as well as of HsRFK

Enzyme kcat (min�1) KM
ATP (μM)

kcat/KM
ATP

(min�1 μM�1) KM
RF (μM)

kcat/KM
RF

(min�1 μM�1) Ki
RF (μM)

BoFADSa 12 ± 1 50 ± 5 0.2 ± 0.1 0.6 ± 0.1 20 ± 6

BoFADSb 15 ± 1 44 ± 3 0.3 ± 0.1 2.3 ± 0.3 6.5 ± 1.3

CaFADSc, RFK module 130 ± 30 40 ± 12 3.2 ± 1.7 6.9 ± 0.4 19 ± 5 1.9 ± 0.2

SpnFADSd 55 ± 2 75 ± 7 0.7 ± 0.1 1.2 ± 0.3 46 ± 13

LmFADS-I(�)e 33 ± 2 41 ± 2 0.8 ± 0.1 0.5 ± 0.1 66 ± 4

LmFADS-I(+)e 95 ± 7 12 ± 1 7.9 ± 1 10 ± 1 95 ± 0.8

SaFADSf 25 72 0.34 8.4 3.0

EcFADSg 23.4 2 11.7

HsRFKh 102 ± 7 30 ± 8 3.4 ± 1.1 2.5 ± 0.4 41 ± 9

aIn 20 mM PIPES, pH 7.0, 1 mM MgCl2 at 25 �C (n = 3, mean ± SD).
bIn 20 mM Tris/HCl, pH 8.0, 1 mM MgCl2 at 37 �C (n = 3, mean ± SD).
cData from Sebasti�an et al.5 In 20 mM PIPES, pH 7.0, 0.8 mM MgCl2 at 25 �C.
dData from Sebasti�an et al.20 In 20 mM PIPES, pH 7.0, 0.8 mM MgCl2 at 25 �C.
eData from Sebasti�an et al.4 In 20 mM PIPES and 0.8 mM MgCl2, pH 7.0, at 25 �C, both in absence (�) and presence (+) of 24 mM sodium dithionite.
fData from Lohithakshan et al.18 In 50 mM Tris/HCl, pH 8.0, 10 mM MgCl2, at 37 �C. Estimated errors in kcat and KM were within 10%.
gData from Langer et al.51 In 50 mM potassium phosphate, pH 7.6, 6 mM MgCl2, 24 mM sodium dithionite, at 37 �C.
hData from Anoz-Carbonell et al.3 In 20 mM PIPES, pH 7.0, 0.3 mM MgCl2, at 25 �C (n = 3, mean ± SD).
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technique allows detecting small changes in the flavin
isoalloxazine environment due to its binding/dissociation
or to protein conformational rearrangement. Meanwhile,
RF transformation into FMN is not observed due to the
same fluorescence spectra and yields of both flavins.5,20

When mixing BoFADS with FLV ligands observed fluo-
rescence decays were very slow and decreased with
ligand concentration, being therefore suggestive of only
flavin photobleaching taking place. Therefore, BoFADS
does not appear to internalize by itself the FLV ligands in
the expected catalytically competent entrapped confor-
mation. This observation is similar to that reported in
monofunctional eukaryotic RFKs and RFK modules of
FADSs from other species.3,5,20

Nonetheless, when mixing BoFADS with different
combinations of ANP and FLV ligands, an exponential
decay in fluorescence was detected in the 8 s time frame
(Figure 4a). We related this fluorescence decay to FLV
binding and/or entrapment within the protein matrix
(Figure 4c).3,5,20 This made us to conclude that the pres-
ence of ANP induces the capability of the RFK site of
BoFADS to entrap the isoalloxazine ring of the FLV

ligand.5 Binding of the RF–ATP substrates showed the
largest decay in amplitude of the signal. Binding of the
FMN–ADP (products) or RF–ADP combinations pro-
duced decays with amplitudes half of that of RF–ATP
substrates. Finally, the FMN–ATP combination showed
very minor amplitude for the decay that suggests entrap-
ment of FMN is hardly occurring. These observations
indicate that binding of substrates is favored in number
of molecules over the binding of other combinations of
ligands. After the initial decay, those samples containing
RF with ANP showed a subsequent recover in flavin
fluorescence. Such a feature was previously related to re-
opening of the flavin binding site, making the isoalloxa-
zine again solvent accessible.5,20

Noticeably, this overall behavior of BoFADS slightly
differed from the ones reported when similarly evaluat-
ing other family members.3,5,20 In fact, profiles for the
BoFADS initial decays are in a manner more similar to
those reported for the RFK site of SpnFADS than to those
of HsRFK and CaFADS.3,5,20 Moreover, the BoFADS
behavior also differs regarding the FLV fluorescence
recover, previously related to the ATP presence for

TABLE 2 Steady-state kinetic parameters for the FMNAT and FADpp activities of BoFADS, different prokaryotic FADSs and different

isoforms of the monofunctional HsFADS

FMNAT activity

Enzyme kcat (min�1) KM
ATP (μM) kcat/KM

ATP (min�1 μM�1) KM
FMN (μM) kcat/KM

FMN (min�1 μM�1)

BoFADSa 7.0 ± 0.3 97 ± 9 0.07 ± 0.01 5.1 ± 0.4 1.4 ± 0.2

CaFADSb 39 ± 1 43 ± 8 0.9 ± 0.2 6 ± 1 6 ± 1

SpnFADSc 34.9 31.6 0.7 9.8 3.6

LmFADS-I(+)d 108 ± 8 215 ± 15 0.5 ± 0.1 42 ± 3 2.6 ± 0.2

LmFADS-II(�)d 65 ± 5 7.4 ± 0.6 8.8 ± 0.8 55 ± 5 1.2 ± 0.2

LmFADS-II(+)d 43 ± 3 37 ± 2 2.0 ± 0.2 71 ± 6 0.6 ± 0.1

SaFADSe 9.1 77 0.12 5.1 1.8

EcFADSf 3.6 4.0 0.9

HsFADS1g 0.30 ± 0.08 1.3 ± 0.7 0.23 ± 0.18

HsFADS2h 4.7 ± 0.2 15 ± 2 0.30 ± 0.05 0.35 ± 0.10 13.4 ± 4.4

FADpp activity

Enzyme kcat (min�1) KM
PPi (μM) kcat/KM

PPi (min�1 μM�1) KM
FAD (μM) kcat/KM

FAD (min�1 μM�1)

BoFADSa 1.4 ± 0.1 12 ± 2 0.12 ± 0.03 1.5 ± 0.5 0.9 ± 0.36

HsFADS2h 0.31 ± 0.02 82 ± 2 (3.8 ± 0.3)�10�3

aIn 20 mM Tris/HCl, pH 8.0, 10 mM MgCl2, 0.15 mM KCl, 20 mM sodium dithionite at 37 �C (n = 3, mean ± SD).
bData from Serrano et al.44 In 20 mM PIPES, pH 7.0, 10 mM MgCl2 at 25 �C.
cData from Sebasti�an et al.33 In 20 mM PIPES, pH 7.0, 0.8 mM MgCl2, 3 mM sodium dithionite at 25 �C. Estimated errors in kcat and KM are within ±10%.
dData from Sebasti�an et al.4 In 20 mM PIPES, pH 7.0, 0.8 mM MgCl2, both in absence (�) and presence (+) of 24 mM sodium dithionite at 25 �C.
eData from Lohithakshan et al.18 In 50 mM Tris/HCl, pH 8.0, 10 mM MgCl2, 24 mM sodium dithionite at 37 �C. Estimated errors in kcat and KM were
within 10%.
fData from Langer et al.51 In 50 mM potassium phosphate, pH 7.6, 6 mM MgCl2 at 37 �C.
gData from Torchetti et al.52 In 50 mM Tris/HCl, pH 7.5, 5 mM MgCl2 at 37 �C.
hData from Torchetti et al.46 In 50 mM Tris/HCl, pH 7.6, 5 mM MgCl2 at 37 �C.
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CaFADS and SpnFADS: the cavity re-opening in BoFADS
appears rather related to the RF substrate binding,
whereas binding of FMN prevents it. This suggests that
RF entrapment induces a rearrangement in the FLV site
that subsequently triggers the mechanism to bring the
isoalloxazine ring back to the solvent. Noticeably, in the
case of HsRFK no recovering of flavin fluorescence was
observed.3 Such differences can be related to conforma-
tional changes at the RFK domain of prokaryotic FADSs
for ligand binding and product release being more com-
plex than for monofunctional eukaryotic RFKs, as well as
to a role of the RFK domain modulating the activity of
the FMNAT domain upon production of transient quater-
nary organizations during catalysis.47 Therefore, species-

specific traits are found in BoFADS for FLV entrapment
and release at the RFK site.

Fitting analysis of the initial decays related to FLV
binding to the RFK site of BoFADS also revealed kinetic
differences. A single exponential decay best fits to traces
for the FMN–ATP ligand combination. However, two
independent exponentials are required to describe the
binding kinetics for the RF–ANP and FMN–ADP mix-
tures (Figure 4b), with the amplitude (A1) of the first pro-
cess dominating the fluorescence decay (A2 < 10%A1).
These observations suggest the potential presence of two
conformational states for FLV entrapment. We identified
the initial process as FLV binding/entrapment at the
RFK site of BoFADS by displacement of loop FlapII (see

FIGURE 4 Pre-steady-state stopped-flow kinetics of the binding of RF and FMN to the RFK site of BoFADS in the presence of adenine

nucleotides. (a) Normalized evolution of kinetic changes in fluorescence upon mixing BoFADS (0.2 μM) with all possible FLV-ANP ligand

combinations (0.8 and 250 μM, respectively). (b) Example of the fittings of kinetic traces corresponding to mixtures of BoFADS with RF-

ADP, and residuals of the fitting of the 0.8 μM RF–250 μM ADP data to a biexponential function. Evolution of (c) kobs1 and (d) kobs2 as a

function of the FLV concentration. All measurements were carried out in 20 mM PIPES, pH 7.0, 0.8 mM MgCl2 and 0.3 mM NaCl at 25 �C.
(e) Scheme representing the processes corresponding to different steps in FLV accessibility to the solvent
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below), similarly to that reported for other family mem-
bers.3,5,20 The succeeding fluorescence decay must relate
to subsequent conformational changes in the BoFADS
loops contributing to further entrapment of the isoalloxa-
zine ring after the initial binding.

The kobs1 values from these fittings showed a linear
dependence on the FLV concentration (Figure 4c), with
rates for the binding of substrates of the reaction at satu-
rating concentrations nearly twice faster than for FLV–
ADP ligands. These data allowed determining kon and
koff for FLV binding, as well as the dissociation constant
(Kd) and free energy (ΔG) of the process (Table 3). These
data indicated that binding processes containing the RF
and ATP substrates are the fastest and produce the larg-
est changes in fluorescence decay amplitude (Figure 4a).
Therefore, the RFK site of BoFADS binds preferably the
substrates of the RFK reaction over other combinations
of ligands, similarly to SpnFADS and HsRFK but con-
trary to CaFADS. Noticeably, binding of the FMN prod-
uct in presence of ATP was the less favored process from
the kinetic viewpoint (smaller kon) and number of FMN
molecules entrapped, while the combination of FMN–
ADP products and RF–ADP showed half of amplitude of
that of substrates as well as kon values. koff values follow
similar traits. Finally, the thermodynamic parameters
derived from kon and koff, indicated that, regarding affin-
ity, BoFADS binds the products of its activity, FMN and
ADP, slightly stronger than the RF–ANP combinations,
while FMN–ATP is the less stable association (Table 3).

When detected, kobs2 also showed a linear dependence
on the FLV concentration (Figure 4d), allowing to deri-
vate kinetic and thermodynamic parameters of a putative
reorganization step (Table 3). These data indicate that
reorganization is faster and stronger for FLV–ADP com-
binations than for the substrates one, suggesting that this
process is more relevant for the binding of combinations
of ligands noncompetent for catalysis. Interestingly,
koff-reg values for the RF–ATP substrates is substantially
faster than for FLV–ADP combinations, while values for

the FLV–ADP ones are situated in the kcat range
(Tables 1 and 3). Collectively, these observations indicate
that kinetics of release of nonproductive ligands, includ-
ing products, might limit the RFK catalytic activity of
BoFADS.

Altogether, our results indicate that the presence of
ANP is necessary for RF entrapment in BoFADS and that
the binding of substrates of the RFK activity (RF and
ATP) is the fastest process and the one occurring in a
major number of molecules.

3.5 | Subtle primary and ternary
structural traits are behind regulation of
activities in prokaryotic FADSs

Kinetics and binding studies have envisaged species-
specific conformational changes along the catalytic cycles
of FADSs from different organisms. However, to the date
they are not proven at the molecular level because crystal
structures are only available for CaFADS (PDB 2X0K)
and SpnFADS (PDB 3OP1).22,48 This makes worthy to
evaluate sequence divergence and evolution within the
FADS family members.

Multiple sequence alignments provide a couple of
interesting observations. First, only a few key residues
appear conserved in nearly all the 42 prokaryotic FADSs
from different bacterial phyla and classes here evaluated
(Figures 5, S1 and S2). Second, Trp residues appear rare
as constituents of these FADSs and, when present, they
are hardly conserved in alignments, contrary to that
observed for Phe residues (Figures S1and S2). Our phylo-
genetic analysis shows that proteins from the Myco-
plasma genus root the tree (bootstrap >93), clearly
diverging from the rest (Table S1 and Figure 6). Two
other clades separate from the one that includes the
remaining 30 FADSs. One of the divergent clades (boot-
strap >92) groups FADSs from the B. subtilis, S. aureus,
L. monocytogenes, S. pneumoniae, E. faecium and

TABLE 3 Pre-steady-state kinetic parameters for the binding and dissociation of flavins to the RFK site of BoFADS in the presence of

adenine nucleotides

Ligand
combination

kobs1 (initial flavin binding) kobs2 (further flavin entrapment)

kon
(min�1 μM�1) koff (min�1) Kd (μM)

ΔG
(kcal mol�1)

kon-reg
(min�1 μM�1)

koff-reg
(min�1) Kd-reg (μM)

ΔGreg

(kcal mol�1)

RF–ATP 390 ± 24 160 ± 13 0.41 ± 0.06 �8.7 ± 0.1 18 ± 1 39 ± 1 2.2 ± 0.2 �7.7 ± 0.1

RF–ADP 222 ± 17 97 ± 9 0.44 ± 0.07 �8.6 ± 0.1 44 ± 1 10 ± 1 0.23 ± 0.03 �9.0 ± 0.1

FMN–ATP 42 ± 9 32 ± 5 0.76 ± 0.28 �8.3 ± 0.2 –a –a –a –a

FMN–ADP 210 ± 23 60 ± 14 0.29 ± 0.10 �8.9 ± 0.2 20 ± 1 11 ± 1 0.55 ± 0.08 �8.5 ± 0.1

Note: Experiments were performed in 20 mM PIPES, pH 7.0, 0.8 mM MgCl2 at 25�C (n = 5, mean ± SD) in a stopped-flow equipment.
aProcess not observed for this combination of ligands.
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L. plantarum bacilli and from the C. trachomatis chla-
mydia, while the other (bootstrap >52) groups the
enzymes from the spirochaete T. denticola and the
firmicute A. thermocellus. The remaining 30 sequences
clade together and include BoFADS, FADSs from most
ESKAPE pathogens (which subclade together with the
single exception of E. faecium), as well as CaFADS.

Despite this clade is formed by several subclades, their
low bootstrap values suggest that these FADSs are rela-
tively conserved regarding evolution. Nonetheless, as
expected, BoFADS appears more closely related to FADSs
from other alphaproteobacteria. Plotting residue conser-
vation on the homology model built for BoFADS particu-
larly shows that conserved motifs and conserved

FIGURE 5 Multiple sequence alignment of BoFADS, SpnFADS, SaFADS, LmFADS-I, BsFADS and CaFADS. The alignment was

constructed with Clustal Omega. Regions with identical residues are highlighted in black with residues in white. Residues showing

conservative substitutions over 75% are shown in red purple and highlighted in grey
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scattered residues accumulate at the binding sites of sub-
strates for both RFK and FMNAT activities, and, particu-
larly at the catalytic sites (Figure 7a).

At the FMNAT site the highly conserved HxGH and
SSTxxIR motifs accommodate the adenine and phosphate
moieties of the ATP, while the FMN isoalloxazine bind-
ing site is made by conserved scattered residues, particu-
larly Phe (Figure 7b). Residue conservation is stronger at
the ATP binding site than at the isoalloxazine binding
site. The catalytic FMNAT residue is of acidic nature in
most FADSs, being an Asp, D130, in BoFADS, but it is an
Asn, N125, in CaFADS49 (Figures 7b, S1, and S2). Notice-
ably, geometric profiles of the FMNAT binding sites and
electrostatic potentials, both at the ligand binding sites
and at the protein surface, considerably diverge among
BoFADS, CaFADS and SpnFADS, showing more differ-
ences at the FMN binding cavity and in CaFADS
(Figure 7d). This agrees with the differences in their theo-
retical isoelectric points (4.8, 5.4 and 5.9 for CaFADS,

SpnFADS and BoFADS, respectively), but also with their
experimental behaviors. Thus, reducing conditions for
FMNAT and FADpp activities are required by canonical
(known as FADSs of type I) BoFADS, LmFADS-I,
SpnFADS, BsFADS and SaFADS, meanwhile only in the
also canonical CaFADS (showing the most divergent
structural and functional properties) and the LmFADS of
type II (that contains the prokaryotic FMNAT domain
but lacks the RFK one) such transformation is indepen-
dent on the redox state of the media (Table 2).4,45,49,50

Since the flavin substrate geometry and charge distribu-
tion differ in its reduced or oxidized state, such predicted
varieties in cavity volumes, geometries and nature of resi-
dues shaping the binding sites of ligands will surely con-
tribute to the preference of each FMNAT site for a
particular redox state of its flavin substrate.4,33,47

At the RFK site, the active site itself concentrates
most conserved residues (Figure 7c). It includes (a) the
PTAN motif accommodating the phosphates of the ATP

FIGURE 6 Phylogeny of

selected bacterial FADSs. The

evolutionary history was

inferred by using the maximum

likelihood method and JTT

matrix-based model with MEGA

X. The tree with most likelihood

(�15474.59) is shown. The

analysis involved 42 FADS

sequences (Table S1). FADSs

from Mycoplasma species

(penetrans, pneumoniae and

genitalium) highlight the

evolutionary separation between

clusters. ESKAPE pathogens

(Enterococcus faecium,

Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter

baumannii, Pseudomonas

aeruginosa and Enterobacter

spp.), being the leading cause of

nosocomial infections

throughout the world, are

highlighted in bold red, while

B. ovis is highlighted in green.

The percentage of trees in which

the associated taxa clustered

together is shown next to the

branch points. The scale reflects

the evolutionary distance,

corresponding to 0.2 amino acid

substitution per site. Main clades

are highlighted with different

colors
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FIGURE 7 Structural conserved motifs in prokaryotic FADSs. (a) Cartoon representation of the structural model of BoFADS colored by

sequence conservation in family members (Figure S1). The model was produced by homology using the RaptorX server with the BoFADS

sequence as input, the server automatically chose the crystal structure of CaFADS (particularly of a R66A variant, PDB ID 4UZE_A) as

template (p-value 1.4 � 10�11; overall uGDT (GDT): 229 (69); 329 (100%)). Conservation score of individual amino acids was calculated on

the BoFADS structural model by the ConSurf server, using as input the BoFADS model and the multiple sequence alignment of FADSs

shown in Figure S1, and color represented with PyMol. Regions for the FMNAT/FADpp- and RFK-modules of BoFADS are highlighted on

the left by orange and green bars respectively and corresponding transformation of flavins in each one of them indicated. Detail of residue

conservation on the 3D BoFADS model for the (b) FMNAT/FADpp and (c) RFK active sites. Color legend for conservation score is shown at

bottom of panel (a). Relevant residues are shown in sticks and labeled. Surface electrostatic potential distributions at the (d) FMNAT and

(e) RFK active sites of the structural model for free BoFADS and the crystal structures of free CaFADS and SpnFADS. Electrostatic potential

values are shown on a scale from red to blue, corresponding to �10.0 and +10.0 kT/e, respectively, at 298 K. In some panels, ligands at

active sites are modeled and shown in sticks with carbon in light blue and orange, respectively, for adenine and flavin nucleotides, while

Mg2+ ions are shown as blue spheres. Substrates (ATP, FMN and Mg2+) at the FMNAT site have been modeled based on an reported

energetically optimized interaction model for CaFADS,47 while products (ADP, FMN and Mg2+) at the RFK site have been allocated base on

the crystal structure of the ternary CaFADS:FMN:ADP:Mg2+ complex (PDB ID: 5A8922)
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substrate and the Mg2+ cation bridging them, as well as
(b) the Glu catalytic residue: E268 in CaFADS and E263
in BoFADS (Figures 7c and S2). The GGRRxx(L/I) resi-
dues that precede the PTAN motif form a flexible loop,
known as FlapI (L1c), that accommodates the adenine
moiety of the ATP/ADP nucleotide. Some scattered con-
served residues are also found in FlapII (L4c), a long pro-
tein flexible loop that entraps the flavin ring during the
RFK catalytic cycle.22 The conformational rearrangement
of FlapII has been demonstrated in ternary complexes of
CaFADS and HsRFK, and observed when similarly evalu-
ating binding of flavins to other FADSs, including
BoFADS (Figure 4).2,5,20,22 In the free CaFADS structure
the PTAN motif and FlapI occupy the RFK site of phos-
phates and adenine of the ATP substrate, respectively.
Rearrangements of these elements upon concerted ligand
binding have been shown as key in substrates association
and products dissociation during RFK catalysis. Despite
sequence conservation in these motifs, in FADSs differ-
ent from CaFADS these conformational changes at PTAN
and FlapI are not required, as exemplified by the
SpnFADS structure (PDB: 3OP1), being these enzymes
ready for ATP:Mg2+ binding and stabilisation.20,22 More-
over, inhibition of the RFK activity by the RF substrate
has only been reported in CaFADS, relating the changes
in conformation at its PTAN and FlapI regions with this
additional mechanism for activity regulation.3,5,20 Kinet-
ics of flavin binding at the RFK site also identify differ-
ences in flavin entrapment mechanisms.3,5,20 In HsRFK,
SpnFADS and BoFADS, binding of substrates of the RFK
reaction—RF and ATP—is kinetically favored
(Table 3),3,20 while any other combination of ligands is
faster in CaFADS.5

Noticeably, one of the main divergences at the RFK
site relates to flavin release after catalysis. While for some
enzymes the ATP substrate is the one apparently trigger-
ing the subsequent release process, in BoFADS this role
appears to be carried out by RF. Moreover, in HsRFK dis-
sociation of products is by far the limiting step during
catalysis and the presence of the client apo-protein
appears required to liberate the flavin from its entrap-
ment.3,5,20 When evaluating crystal structures showing
flavin entrapment at the RFK site, namely ternary com-
plexes for CaFADS and HsRFK, it is observed that the
closed conformations of FlapII are stabilized by the inter-
action not only with the flavin ligand, but also with FlapI
and other structural elements at the edge of the binding
cavity. Therefore, displacement of FlapII must induce a
reorganization of the RFK module, or vice versa, but par-
ticularly of the catalytic and flavin binding sites, as well
as of the electrostatic environment of ligands. Noticeably,
meanwhile the FlapII first midportion shows some con-
servation among the FADSs evaluated, its second portion

is highly divergent regarding amino acid content and
predicted electrostatic distribution (Figures 7c,e and S2).
In fact, it is worth to note that the surface electrostatic
potential, both at ligands binding sites and in the overall
surface, considerably differs among the RFK domains of
the compared proteins. This might suggest different rela-
tionships in the interplay of FlapII with the edge of the
binding cavity during flavin entrapment, as well as in the
nature itself of the catalytic and the isoalloxazine sites.
Such variability in environments during flavin entrap-
ment will surely differentiate the mechanisms involved
in products release upon catalysis.

In conclusion, the characterization of the BoFADS
activities and evaluation of their particular features in the
context of sequence and structural conservation within
bifunctional FADSs reinforces the fact that species-
specific traits modulate prokaryotic RFK and FMNAT
activities. This study particularly points to differences in
moderately conserved and nonconserved regions and res-
idues as having a relevant impact in substrate binding
and product dissociation, and therefore on catalysis.
From the so far characterized FADSs, CaFADS keeps as
the most divergent, being the single one that does not
require reductive environments for FMNAT catalysis,
shows RF substrate inhibition and stabilizes a dimer-of-
trimers during RFK catalysis. In this context, despite
common mechanisms apply to FADS activities from dif-
ferent species, subtle changes at the substrate binding
cavities and sequence divergence in connecting loops and
surface protein charge, are also envisaged to specifically
modulate substrates/products binding modes, and conse-
quently, catalytic efficiencies in different family
members.
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